Identification of the epidermal growth factor receptor variant III (EGFRvIII) mutation in glioblastoma has become increasingly relevant in the optimization of therapy. Traditionally, determination of tumor EGFRvIII-expression has relied on tissue-based diagnostics. Here, we assess the accuracy of magnetic resonance perfusion-weighted imaging (MR-PWI) in discriminating the EGFRvIII-expressing glioblastoma subtype. We analyzed RNA from 132 primary human glioblastoma tissue samples by reverse-transcription polymerase chain reaction (RT-PCR) for the EGFRvIII and EGFR wildtype mutations and by quantitative RT-PCR for expression of vascular endothelial growth factor (VEGF). Concurrently, 3 independent observers reviewed preoperative 1.5-Tesla (T)/SE or 3.0-Tesla (T)/GE MR perfusion images to determine the maximum relative tumor blood volume (rTBV) of each of these tumors. EGFRvIII-expressing glioblastomas showed significantly higher rTBV, compared with those tumors lacking EGFRvIII expression. This association was observed in both the 1.5T/SE (P 5 .000) and 3.0T/GE (P 5 .001) cohorts. By logistic regression analysis, combining the 2 MR system cohorts, rTBV was a very strong predictor of EGFRvIII mutation (odds ratio [rTBV] 5 2.70; P 5 .000; McFadden's r 2 5 0.23). Furthermore, by receiver-operating characteristic curve analysis, rTBV discriminated EGFRvIII with very high accuracy (A z 5 0.81). In addition, we found that VEGF upregulation was associated, although without reaching statistical significance, with EGFRvIII expression (P 5 .16) and with increased rTBV (F-ratio 5 2.71; P 5 .102). These trends suggest that VEGF-mediated angiogenesis may be a potential mediator of angiogenesis to increase perfusion in EGFRvIII-expressing glioblastomas, but there are likely several other contributing factors. This study demonstrates the potential to use rTBV, a MR-PWI-derived parameter, as a noninvasive surrogate of the EGFRvIII mutation.
Keywords: EGFRvIII, glioblastoma, MR perfusion, VEGF. G lioblastoma (GBM), the most aggressive primary adult brain tumor, is associated with overall poor prognosis, despite surgical resection, chemotherapy, and radiotherapy. 1 Recent investigation has highlighted the importance of defining GBM molecular subtypes for improved clinical prognostication and appropriate application of novel therapies. Traditionally, such molecular stratification has relied on genetic or histopathological analyses requiring invasive methods, including brain biopsy or surgical resection. 2 Imaging-based identification of the tumor expression profile is currently receiving much attention as an alternate, noninvasive approach for the characterization of tumors.
Previous studies have proposed such a shift in the diagnostic paradigm toward using advanced imaging modalities to stratify GBMs. MR perfusion-weighted imaging (MR-PWI), one such advanced imaging technique that quantifies relative tumor blood volume (rTBV), has been shown to be useful in determining histopathological glioma grade 3 -5 and prognosticating treatment outcome and survival in high-grade gliomas. 6 -8 In a recent small cohort study, MR-PWI was correlated with histopathologic features of GBM aggressiveness. 9 However, to date, MR perfusion has not been associated with any one specific GBM mutation. Epidermal growth factor receptor variant III (EGFRvIII) is a primary activating oncogene in GBMs. Identification of EGFRvIII-positive glioblastomas by MR perfusion would be clinically significant in treatment selection and determining therapeutic sensitivity. EGFRvIII, the most common variant of EGFR, expressed with an overall prevalence of 20%-30%, 10 encodes an in-frame deletion of the extracellular domain of EGFR, resulting in prooncogenic effects.
11 Studies in EGFRvIII-transfected GBM cell lines have demonstrated that EGFRvIII enhances tumorigenicity, because it leads to decreased apoptosis and increased proliferation, angiogenesis, and invasion. 10 Investigations of the survival effect of EGFRvIII are mixed, with some arguing that EGFRvIII expression prognosticates lower overall survival 12 and others demonstrating no significant effect. 13 Additional evidence suggests that the effect of EGFRvIII on survival must be understood in the context of its complex interactions with other molecular variables. 13, 14 Although the effect of EGFRvIII on survival has not been clearly proven, detection of EGFRvIII would be highly clinically valuable because its expression is becoming increasingly relevant in determining GBM therapeutic sensitivity. Earlier studies showed that presence of the mutation renders GBMs resistant to chemotherapies, such as cisplatin. 15 In addition, there is some evidence that coexpression of EGFRvIII along with PTEN increases GBM sensitivity to EGFR tyrosine kinase inhibitors. 16 -18 However, other studies have failed to demonstrate this association. 19, 20 The importance of identifying the EGFRvIII mutation for treatment selection has come to the forefront with the development of EGFRvIII-targeted immunotherapy 21, 22 and EGFRvIII-directed monoclonal antibodies. 23, 24 Vaccination of the EGFRvIII peptide epitope has been shown to be an efficacious immunotherapy in syngeneic murine models and in humans in 3 phase II trials (2 consecutive single institution and 1 multi-institutional). 25 Moreover, detection of an immune response in humans predicts greater median overall survival. 22 In addition, EGFRvIII is a target of passive immunotherapy. Monoclonal antibodies against EGFRvIII have been shown to have an antitumor effect in both in vitro and in vivo models. 24 The potential of antibody-based therapies in the treatment of brain tumors is supported by active clinical trials in the pediatric and adult populations. 26 As such, identification of those patients with EGFRvIII-expressing GBMs is emerging as an important clinical factor in defining the subset of patients who will respond well to novel EGFRvIII-targeted therapies.
To our knowledge, there have been no studies that demonstrate an association between expression of EGFRvIII and MR perfusion. We hypothesized that the EGFRvIII-expressing GBM subset would be associated with increased MR perfusion-derived rTBV. We surmised that expression of the EGFRvIII mutation activates a complex array of independent signals to influence a multitude of downstream factors, perturbing the local biologic environment and enhancing angiogenesis, leading to increased rTBV. As an initial step in delineating these multifaceted pathways, we include in this article a subsidiary analysis of VEGF expression in our GBM tissue cohort. Studies in GBM cell lines indicate that the EGFRvIII mutation specifically upregulates the pro-angiogenic cytokine VEGF. 27 Because increased rTBV is a measure of microvasculature density and has previously been shown to reflect an underlying angiogenic mechanism, 28 we further hypothesized that EGFRvIII-mediated upregulation of VEGF is one of several factors contributing to the complex mechanism manifest as increased perfusion.
To determine the usefulness of MR-PWI as a noninvasive neuroimaging surrogate of EGFRvIII expression, we analyzed the preoperative rTBV signal in a large group of 132 human GBMs and assessed the relationship of this radiographic marker to EGFRvIII mutation status. We added the expression of EGFRwt to the analysis to compare its effect on perfusion with that specifically induced by EGFRvIII and to control for its expression in the models of EGFRvIII. We also examined VEGF expression to investigate whether VEGFmediated angiogenesis is associated with the high perfusion found in the EGFRvIII-expressing GBMs. Our preliminary data indicate a strong association between rTBV and EGFRvIII in GBMs.
Materials and Methods

Population
We retrospectively reviewed records from all patients with primary GBMs (a WHO grade IV) who had tissue from surgical resection banked from January 2002 through January 2009 at the Hospital of The University of Pennsylvania (HUP). The patients did not receive any radiation or chemotherapy prior to surgical resection. We included all patients (n ¼ 132) who had MR-PWI performed within 48 h prior to resection, using either a 1.5-Tesla/SE (n ¼ 35) or a 3.0-Tesla/GE (n ¼ 97) MR-system. Each patient was imaged using a single MR system. The strength of magnet used was dictated entirely by the date of the study, with earlier studies performed using the 1.5-Tesla magnet and later studies performed using the 3.0-Tesla magnet. The conversion to use of the 3.0-Tesla magnet was random with regard to the patients and is consistent with clinical practice changes in imaging patients with brain tumors at The University of Pennsylvania. The protocol was approved by the Institutional Review Board at HUP, and we obtained informed consent from each participant or each participant's guardian. An experienced neuropathologist performed the histopathologic evaluation, using the WHO classification criteria. 
Magnetic Resonance (MR) Imaging
We acquired conventional MR images with either a 1.5-Tesla (Signa, GE Medical Systems) or a 3.0-Tesla (Siemens) clinical MR system. We acquired dynamic susceptibility contrast (DSC) single shot spin-echo (SE) echo-planar images using the 1.5-Tesla magnet and DSC T2* weighted gradient-echo (GE) echo-planar images using the 3.0-Tesla magnet, according to protocols previously described. 29 DSC was performed 5 min after a 3 mL preloading dose of intravenous gadodiamide (Omniscan; GE Healthcare), administered according to protocols previously described. 30 The preloading dose was administered to reduce the effect of contrast agent leakage on rTBV measurement.
Analysis of MR-PWI Data
We constructed blood volume maps using a standard algorithm, as previously described. 31 Three independent observers drew regions of interest (ROIs) in MRIcron (http://www.sph.sc.edu/comd/rorden/mricron/install. html), based on an accepted method in the literature used to determine the region of maximum tumor perfusion. 35 The observers blinded themselves to molecular subtype prior to the perfusion analysis. ROIs were drawn directly on the perfusion images, in conjunction with an overlay of the same axial level T1 gadolinium-enhanced image, to ensure accurate placement completely within the apparent margins of the neoplasm, avoiding cerebral blood vessels, 5 and within T1 enhancing segments. The observers placed 15 -25 voxelsized ROIs per slice on 5 separate axial slices within regions of visually apparent maximum CBV. The mean CBV value was recorded for each axial slice and normalized to a white matter (WM) rTBV value, measured by placement of 15 -25 voxels within the contralateral WM from the same axial slice. We then aggregated the 5 normalized rTBV values by taking the composite average to obtain a single rTBV value per tumor for each of the 3 observers. Because there was high interobserver correlation (the Pearson correlation coefficients varied from 0.61 to 0.74 in the 3.0T/GE cohort and from 0.71 to 0.77 in the 1.5T/SE cohort), we averaged the independent observer rTBV values to obtain a single rTBV value per tumor.
When we segmented the tumors into T1-enhancing and nonenhancing regions, we found that the areas of maximal rTBV corresponded to the gadolinium enhancing regions. Thus, tissue that was resected and banked for expression analysis was chosen, at the time of surgery, from an area of T1 enhancement, using MRI-based frameless stereotactic neuronavigation (STEALTH, Medtronic Corporation).
RT-PCR
We converted the total RNA, extracted by the TRIzol method from the tumor tissue stored in RNA later at -808F, into cDNA fragments and subjected them to PCR analyses to assess the tumor expression of EGFRwt, EGFRvIII and GAPDH mRNAs, using the following primer sequences (written 5 ′ to 3 ′ ): GAPDH (forward: GTGAAGGTCGGAGTCAACGG, reverse: TGATGACAAGCTTCCCGTCTC); EGFRwt (forward-E3: ACCATCCAGGAGGTGGCTGGTTAT, EGFRvIII (forward: GAGCTCTTCGGGGAGCAG, reverse: GTGATCTGTCACCACATAATTACCTTTCT). 32 PCR cycling conditions included an initial denaturing step at 948C for 2 min, 30 cycles of denaturing at 948C for 1 min, annealing at 558C for 1 min, extending at 728C for 1 min, and final extension at 728C for 7 min.
Quantitative Real-Time PCR (RTqPCR)
We measured VEGF (isoform A) expression by RTqPCR, using a 7500 Fast Real-Time PCR System (Applied Biosystems) and primer and probe sets as previously described. 33 We used 18S ribosomal RNA (Hs99999901_s1, Applied Biosystems) as an endogenous control for RNA levels. We analyzed samples in triplicate using Taqman Fast Universal Master Mix (Applied Biosystems). We performed data analysis using the 7500 Fast System SDS software version 1.4 (Applied Biosystems).
Statistical Analysis
We used statistical software SYSTAT 12 (SYSTAT) to analyze the data. According to Lilliefors Test, the rTBV data and patient age were normally distributed. The distribution of the VEGF data departed from Gaussian. Subsequently, we transformed the data using a natural logarithm. Since the transformed VEGF data was normally distributed, we used lnVEGF for the remainder of the analysis. We performed group comparisons using the 2-tailed t test.
We used multivariable logistic regression analysis to explore associations between EGFRvIII mutation and rTBV, VEGF, and EGFRwt measurements. The McFadden's r 2 statistic was used to measure the goodness-of-fit of the model; r 2 values of 0.20-0.40 are considered to be satisfactory. We integrated data from the 1.5T/SE and 3.0T/GE cohorts by controlling for the magnet type in the analysis, as the perfusion measurements must be standardized to account for the difference in the magnet systems. We used a linear regression to analyze associations between lnVEGF and rTBV. A subset of the population (14/132 patients) had missing VEGF data, secondary to inadequate RNA quantity to allow for further molecular analysis. We excluded these patients from all the analyses involving VEGF.
We employed receiver-operating characteristic curve (ROC) analysis to calculate the area under the curve (Az) to rank the accuracy of each parameter in the discrimination of GBM subtype. We used MedCalc for Windows, version 11.1.0 (MedCalc Software) in order to identify rTBV thresholds associated with maximum efficiency, sensitivity, specificity, and negative-and positive-predictive values (NPV and PPV). We used a Pearson correlation coefficient to assess the 
Results
Assessment of EGFRvIII Expression and Other Variables in GBMs
We determined the EGFRvIII status of all 132 GBM human tumor tissue samples, using reverse-transcription polymerase chain reaction (RT-PCR), a current, tissue-based, diagnostic standard. The threshold for determining presence of the mutation was determined by preliminary experiments, in which we correlated immunohistochemistry, using an EGFRvIII-specific antibody and RT-PCR in a subset of the samples. Of the 132 tumors, 30 (22.7%) were categorized as EGFRvIII positive (+) and 102 (77.3%) as EGFRvIII negative (2). The percentage EGFRvIII(+) GBMs was similar in the 2 cohorts, studied by either the 1.5T/SE (20.0%) or 3.0T/GE MR system (23.7%).
We also analyzed the EGFRwt status and found that there was a high incidence of EGFRwt expression in the overall GBM population (112/132; 84.8%), with relatively increased incidence in GBMs that concurrently expressed EGFRvIII (27/30; 90.0%), compared with the EGFRvIII(2) tumors (85/102; 83.3%). However, there was no statistically significant association between occurrences of expression of EGFRwt in relation to occurrences of expression of EGFRvIII in patients with GBMs (Pearson x 2 ¼ 0.80; P ¼ .371; n ¼ 132). Gender and age of patients did not significantly vary in the EGFRvIII (+) and (2) tumor groups (Table 1) .
EGFRvIII Expression in GBMs Correlates with Higher rTBV
We assessed the difference in rTBV values between the EGFRvIII(+) and EGFRvIII(2) GBMs. In the 1.5T/ SE cohort, mean rTBV in tumors expressing EGFRvIII (n ¼ 7) was significantly higher than in EGFRvIII (2) (Fig. 1) . The 1.5T/SE and 3.0 T/GE MR systems provide qualitatively different measures of rTBV, thus prohibiting combination of the data for t test analysis.
rTBV Predicts Expression of EGFRvIII
After finding significantly increased mean rTBV in the EGFRvIII-expressing tumors, we next performed logistic regression analysis to examine the potential of using the mean rTBV as a surrogate of EGFRvIII expression. In an integrated 1.5T/SE and 3.0T/GE cohort (n ¼ 132), we found that rTBV is, in fact, an independent predictor of EGFRvIII expression [Logit(P) ¼ 0. Table 2) . We explored the effect of further variables on the relationship between rTBV and EGFRvIII. The strength of the model is slightly improved by adding in an interaction factor and by controlling for patient gender (Supplementary  Table S1 ). However, controlling for EGFRwt does not improve the model. Moreover, EGFRwt is not a significant independent regressor (P ¼ .520) (Table 2), nor is age or gender (P ¼ .610 and P ¼ .158, respectively) (Supplementary material, Table S1 ). Of note, unlike EGFRvIII, EGFRwt expression is not predicted, with significance, by rTBV (Table 2) .
rTBV Identifies EGFRvIII (+) GBMs with High Accuracy
We further validated our predictive models by applying ROC analysis to determine the accuracy of rTBV in discriminating EGFRvIII(+) GBMs. In the combined 1.5T/SE and 3.0T/GE cohorts, we found that the accuracy of rTBV in detecting the EGFRvIII mutation was very high, as determined by the area under the ROC (A z ¼ 0.81), and was strengthened further by inclusion of an interaction factor (A z ¼ 0.87). Similarly, the accuracy is high when analyzed in the independent MR system cohorts (Table 3 ) and for individual observers ( Fig. 2A and B) . Incorporation of EGFRwt into the analysis did not improve the accuracy of EGFRvIII discrimination (A z ¼ 0.81). When using a 1.5T/SE MR system, the rTBV threshold value of 4.34, measured as the average of 3 independent observers, corresponds with maximum efficiency and is also associated with 100.0% sensitivity, specificity, positive-predictive value (PPV), and negativepredictive value (NPV) ( Fig. 2A) and a 0.0% falsepositive and false-negative rate.
When using a 3.0T/GE magnet, the rTBV threshold value of 5.94 corresponds with maximum efficiency and is associated with 78.3% sensitivity, 66.2% specificity, 41.9% PPV, and 90.7% NPV (Fig. 2B ). This threshold is associated with a false-positive rate of 33.8%, meaning that based on rTBV classification criteria alone, a tumor would be falsely attributed a positive EGFRvIII status 33.8% of the time. In addition, the maximum efficiency threshold value of 5.94 is associated with a false-negative rate of 21.7%, meaning that, based on rTBV classification criteria alone, a tumor would be falsely attributed a negative EGFRvIII status 21.7% of the time. However, the sensitivity and specificity of the test can be changed by altering the threshold value. As such, the threshold (rTBV ¼ 4.72) that is associated with a maximal sensitivity of 100% provides 29.7% specificity, 100% NPV, and 30.7% PPV, and the threshold (rTBV ¼ 8.15) associated with a maximal specificity of 100% provides 21.7% sensitivity, 80.4% NPV, and 100% PPV. We found no difference in classification accuracy in the logistic regression model with or without crossvalidation. The classification accuracy and area under the curve (AUC) of the logistic regression model, without cross-validation, were 78.8% and 0.815, respectively. For 10-fold cross-validation, the classification accuracy and AUC were 78.8% and 0.764, respectively. For leave-one-out cross-validation, the classification accuracy and AUC were 78.8% and 0.773, respectively.
EGFRvIII (+) GBMs Demonstrate Enhanced VEGF Expression
To elucidate the molecular basis of elevated rTBV in the EGFRvIII-expressing subtype, we extended our study to assess VEGF expression, using quantitative RT-PCR. Table 2 and  Supplementary Table S1 for a breakdown by MR magnet system). Similarly, by ROC analysis, lnVEGF can discriminate the EGFRvIII mutation with moderate accuracy (A z ¼ 0.59), but adding lnVEGF to rTBV does 
VEGF Expression is Associated with Higher rTBV
After observing the significant association between rTBV and EGFRvIII and the correlation trending toward significance between lnVEGF and EGFRvIII, we explored an association between lnVEGF and rTBV. Although we found that rTBV is not significantly associated with lnVEGF (F-ratio ¼ 2.71, P ¼ .102), the analysis did show a trend toward statistical significance, controlling in the regression model for the statistically significant effect of the magnet type (F-ratio ¼ 34.78, for the model, P ¼ .000).
Discussion
The present study demonstrates a novel use for MR perfusion in the differentiation of an important GBM molecular subtype. Previous studies showed that rTBV correlates with glioma grade. 3 Thus, it is intuitive that EGFRvIII-expressing GBMs, which have been shown to be more tumorigenic in biologic systems, would be associated with relatively higher rTBV. Accordingly, we show that the expression of EGFRvIII in human glioblastoma correlates with increased rTBV. In a cohort of 132 human primary GBMs, we found that the EGFRvIII-expressing subset exhibited statistically significant increased rTBV. This association, initially observed using a 1.5-Tesla(T)/SE MR-system, was subsequently corroborated in an expanded cohort and analyzed by a 3.0-Tesla(T)/GE MR system. The conversion to use of the 3.0T/GE magnet was random with regard to the patients and is consistent with clinical practice changes in imaging brain tumors in patients at The University of Pennsylvania.
Moreover, we constructed logistic models from our data, combining the 1.5T/SE and 3.0T/GE cohorts, and we observed that rTBV can discriminate the EGFRvIII-expressing subtype with efficient classificatory power and high predictive capacity. Of note, the predictive power was strong in each of the 1.5T/SE and 3.0-T/GE cohorts, when assessed independently. The advantage of combining the 2 magnet-type cohorts is that it allows for expansion of the overall cohort size.
For the purpose of using threshold values of rTBV in a clinical setting, it is necessary to separate the 1.5T/SE and 3.0T/GE MR systems. We determined a threshold value for the 1.5T/SE MR-system (rTBV ¼ 4.34) that provides extremely high sensitivity and specificity. For the 3.0T/GE MR-system, the maximum efficiency threshold (rTBV ¼ 5.94) is also associated with high, although slightly lower, sensitivity and specificity, comparable to widely used standard diagnostic tests. Because our study focuses on an imaging biomarker and because of the novelty of such molecular imaging work, there are few data available on accepted diagnostic test statistical parameters. That being said, further modeling in additional patient cohorts will hopefully allow us to improve on the false-negative rate (21.7%) observed to date in the 3.0T/GE cohort.
The association between rTBV and EGFRvIII is demonstrated regardless of whether the 1.5T/SE or 3.0T/GE MR system was used. This improves the generalizability of our results and has practical implications, because although 3.0-Tesla scanners have been increasingly introduced into clinical centers, the older 1.5-T magnets have not been entirely phased out. Thus, both magnet types are still in use and are likely to be for some time in the future. Of note, in the 1.5T/SE cohort, rTBV demonstrated very high accuracy in the identification of the EGFRvIII mutation, superior to that found using measurements obtained with the 3.0T/GE magnet. This disparity was likely attributable not only to the difference in magnetic field strength but also to the difference in pulse sequence between the 2 series. The 3.0-Tesla perfusion data are collected using gradient echo single shot echo planar imaging, whereas the 1.5-Tesla perfusion data are obtained using spin echo single shot echo planar imaging. It is well-known that spin echo functional images have greater specificity to microvascular perfusion than do gradient echo images, which provide both microvascular and macrovascular volume measurements. 34 This difference in pulse sequence between the 1.5-Tesla and 3.0-Tesla cohorts could account for the variance in the strength of the association between rTBV and EGFRvIII in the 2 cohorts, because EGFRvIII may effect more predominately microvascular downstream events. In addition, the cohort studied by the 1.5-Tesla/SE MR system (n ¼ 35) was smaller than that studied using the 3.0-Tesla/GE magnet (n ¼ 97). Thus, the more powerful correlation demonstrated in the 1.5-Tesla/SE cohort may be attributable to the small sample size. However there is a very strong association between rTBV and EGFRvIII in the expanded 3.0-Tesla cohort. We obtained overall higher rTBV values for the 3.0T/ GE cohort compared with the 1.5T/SE cohort. This difference in rTBV magnitude is related to 2 factors, including the difference in pulse sequence readout EPI (with GE producing a higher value compared to SE) and the difference in field strength (with the 3.0 Tesla magnet producing a higher strength field compared with the 1.5 Tesla magnet).
We measured maximum rTBV values by using a method that has been accepted in the literature. 35 This method requires the observer to choose areas of maximal perfusion on the basis of the apparent brightness of the image. Although this approach likely compromises the accuracy of identifying the maximal value, given the subjective visual factor involved, it lends itself to being used in a clinical setting, where a more complex method would be too labor-intensive. We believe that we could optimize the classificatory performance of rTBV by assessing EGFRvIII status according to a continuous (RTqPCR) rather than a binary quantification scheme.
Although rTBV was a strong predictor of EGFRvIII status, it failed to predict expression of EGFRwt (Tables 2 and 3 ). This supports our hypothesis that the EGFRvIII mutation modifies the EGFR signal, in both intensity 36 and quality 10, 36 with specific biologic effects reflected in perfusion imaging. In addition, we found no correlation between EGFRwt and EGFRvIII, consistent with the finding that controlling for EGFRwt does not improve the predictive model of EGFRvIII. Although patient age had no effect on the performance of the model, controlling for gender did slightly improve its predictive capacity (Supplementary  Table S1 ).
Of note, the performance of our logistic regression model was stable under cross-validation. However, a limitation of this study is that the models were not initially obtained in a training set. Thus, the findings of this study need replicating in a truly independent data set.
Noninvasive imaging-based diagnostics have attracted much attention in recent years as a means to characterize tumor behavior and to monitor response to therapy. 37 A small number of previous studies have also explored the ability to use imaging to detect molecular profiles. Others have explored the diversity, both inter-and intratumoral, in the basic anatomic MRI features of GBMs and have shown that this diversity reflects underlying variation in gene expression. 9,38 -40 However, these prior studies have been limited to anatomic MRI features, such as contrast enhancement. Here, we contribute to the new paradigm of imagingbased molecular diagnostics by moving beyond basic MRI features and showing the potential of using a physiologic MRI modality, MR perfusion, to predict a specific tumor mutation. Moreover, we demonstrate this finding in a large human cohort.
Because of the emergence of promising therapies directed specifically at EGFRvIII, including EGFRvIII peptide vaccination and EGFRvIII-directed monoclonal antibodies, 24, 25 it is becoming increasingly important to be able to identify the EGFRvIII mutation. Imaging-based identification of EGFRvIII could theoretically offer several advantages over tissue diagnosis. It would provide preoperative insight into molecular composition of the tumor, which might guide the preoperative use of EGFRvIII-directed therapies to shrink the tumor. Such techniques are not commonly used but may be in the future. Moreover, standard tissue-based methods are often associated with sampling errors due to improper processing of tumor tissues and tumor heterogeneity (EGFRvIII variants are not necessarily found uniformly throughout the tumor), resulting in some cases with false assignation of molecular profile. MR-PWI might avoid such sampling errors because it provides an in vivo scan, thus providing a greater scope of view to visualize the entire tumor and its surrounding brain tissue. Thus, MR-PWI, which is widely available and can easily be added to the conventional MRI at a low cost, 41 might be used to verify tissue-based diagnosis or even eventually to replace it in selected cases. Imaging-based diagnosis might provide further use postoperatively to assess whether the residual tumor has high expression of EGFRvIII and is therefore susceptible to EGFRvIII-directed therapies. Moreover, such molecular profiling would be important in monitoring treatment response and in the characterization of recurrent tumors.
We attempted to elucidate the biologic basis of the association between the EGFRvIII mutation and rTBV enhancement by exploring differential expression of VEGF in the GBM cohort. A previous study performed by our group showed a strong correlation between the EGFRvIII mutation and VEGF expression in GBM cell lines. 27 Here, we extended this analysis and assessed this correlation using actual human GBM tissue. We found that EGFRvIII expression is associated with an upregulation of VEGF, but this upregulation was not statistically significant. This is consistent with the fact that VEGF expression is mediated by several other upstream receptors. 42 Of note, unlike EGFRvIII, the EGFRwt subgroup was not associated with enhanced VEGF expression. This suggests that the EGFRvIII mutation may modify the EGFRwt receptor with effects on the pro-angiogenic cytokine.
We found that VEGF and rTBV are associated, but this association does not reach statistical significance. It is unlikely that the lack of significance, in contrast to previous smaller studies, 28 reflects an inadequacy of sample size, because our cohort was quite large. Instead, it may in part reflect an inherent technical limitation in measuring rTBV. It is well-known that VEGF leads to the formation of leaky vessels and vasogenic edema, which leads to an increase in contrast extravasation and an artificial underestimation of perfusion, 43 a phenomenon that is particularly seen with high-grade gliomas and their disruption of the blood-brain barrier. We account for this phenomenon by preloading with contrast prior to PWI acquisition. However, this method is not perfect. Future studies require the use of contrast agents with greater blood-pooling properties and/or further correcting for extravasation. 44 Our regression model of EGFRvIII was not improved when VEGF was added to rTBV, perhaps reflecting the strong dominance of rTBV in the prediction EGFRvIII. Alternatively, it might suggest the redundancy of rTBV and VEGF due to the presence of an underlying association.
These statistically insignificant trends suggest potential hypotheses to explain the molecular basis of the correlation between EGFRvIII-expression and increased perfusion: (1) VEGF may be involved in, although does not fully account for, the finding of increased tumor perfusion; (2) EGFRvIII represents one of several upstream modulators of VEGF expression; and (3) EGFRvIII may lead to enhancement of rTBV by angiogenic pathways, including, but not limited to, VEGF-mediated angiogenesis, and, likely, by nonangiogenic recruitment of blood vessels and other mechanisms not yet defined. Of note, we did not aim or expect to reduce changes in either angiogenesis or perfusion to a single angiogenic factor or variable. Our findings are in line with the paradigm of EGFRvIII affecting a multitude of downstream factors and of VEGF representing one of several molecules involved in a complex array of independent signals leading to angiogenesis and, in turn, perfusion. Moreover, our data are consistent with findings by Jain et al. that point to the multistep nature of angiogenesis and suggest that cerebral blood volume is a measure of a more mature stage of vascular genesis as compared with VEGF, which is involved in earlier stages of angiogenesis, and more closely correlated to leaky vessels. 45 The VEGF data presented in this study sets the stage for further analysis of this mechanism. Follow-up work will measure other angiogenic markers and microvascular density to precisely delineate the presumed microvascular mechanisms contributing to upregulation of rTBV in primary GBMs. Of note, the statistical analyses presented in this article demonstrate associations among variables. We are suggesting potential biologic mechanisms that would be consistent with the associations that we have demonstrated.
Because EGFR amplification has previously been associated with conventional T1-and T2-weighted MR measurements, 46 we are currently exploring the contribution of EGFR amplification to MR perfusion. In addition, ongoing work will look at the association between rTBV and clinical information, including patient survival, and other important GBM mutations, such as loss of PTEN. Finally, an interesting question would be whether recurrent GBMs that express EGFRvIII demonstrate an increase in rTBV compared with primary tumors in which EGFRvIII was not expressed. This is the subject of an additional study.
The tumor tissue used for analysis of molecular markers was resected from T1-enhancing regions. Because we found that the T1-enhancing segments corresponded to the areas of maximal MR perfusion values (as discussed in the Materials and Methods section), we studied molecular and imaging characteristics from matched tumor regions. Further studies will aim to rule out the possibility of mismatch between secreted protein and transcript levels.
Collectively, our data support a statistically significant correlation between rTBV and EGFRvIII mutation in GBMs and a weaker correlation of these variables to VEGF. Demonstration of these associations establishes the groundwork for further exploration of using MR perfusion as a noninvasive imaging surrogate of GBM EGFRvIII status.
